Introduction
============

Abdominal surgery is often associated with postoperative peritoneal adhesions, which may lead to significant clinical and economic consequences [@B1]. Among the serious postoperative complications associated with the formation of adhesions are chronic pelvic pain [@B2], primary and secondary infertility in women [@B3] and intestinal obstructions [@B4].

Methods to prevent postoperative adhesions have included modifications in surgical approaches and techniques and the use of surgical adjuvants [@B5]. Among the adjuvants tested in the prevention of postoperative adhesions are fibrinolytic agents, such as thrombokinase and fibrinolysin; anticoagulants such as heparin; anti-inflammatory agents such as aspirin and retinoic acid; and mechanical separation agents, such as carboxymethyl cellulose (CMC) and hyaluronic acid (HA) [@B6]. Peritoneal instillates that separate raw peritoneal surfaces during the first few days of the healing process may be an ideal approach for preventing postoperative adhesions.

Hyaluronic acid (HA), a naturally occurring polysaccharide composed of repeat disaccharide units of D-glucuronic acid and N-acetylglucosamine [@B7], has shown benefits in preventing adhesions following abdominal surgery [@B8], [@B9]. But a major limitation of HA is its high cost [@B10],[@B11]. Intraperitoneal infusion of sodium CMC (SCMC) has also been utilized to prevent postoperative adhesions in various species, including rodents [@B12], [@B13], rabbits [@B14] and ponies [@B15]. Moreover, a bioresorbable membrane composed of HA and CMC has been approved by the United States Food and Drug Administration for the prevention of peritoneal adhesions, although there are other antiadhesive films, such as Statofilm, that have better results in rats, than Seprafilm® (Genzyme Biosurgery, Cambridge MA, USA) 10,11\]. Limitations in the handling of HA/CMC have led to the addition of glycerol (G-HA/CMC), improving its tensile strength [@B16]-[@B17]. A prospective, randomized, evaluator-blinded multicenter trial showed that G-HA/CMC could effectively reduce adhesions to midline incisions and adhesions between the omentum and small bowel after abdominal surgery [@B18]. Another limitation in the use of HA and SCMC are their short resorption times in the abdomen. For example, the half-life of HA has been reported to range from 3 to 5 days [@B19], and, in rats, SCMC could be resorbed within 5 days (unpublished data). Zinc modified SCMC (Zn^2+^-SCMC) was developed to prolong the resorption period. Using a rat model, we have compared the effectiveness of Zn^2+^-SCMC and HA in preventing intraperitoneal adhesions.

Materials & Methods
===================

Reagents
--------

Zn^2+^-SCMC and HA were purchased from the Changchun Institute of Applied Chemistry of the Chinese Academy of Sciences, Changchun, China.

Animals
-------

A total of 120 male and female Wistar rats, weighing 220±40 g, were obtained from the Experimental Animal Center of Norman Bethune College of Medicine, Jilin University, Changchun, China. The animal use and care protocols were reviewed and approved by the Animal Use Committee of Jilin University and were in accordance with our institutional guidelines for animal care and the Guide for Care and Use of Laboratory Animals published by the United States National Institutes of Health.

Surgery and experimental assignment
-----------------------------------

Rats were anesthetized with ethyl ether and fixed on the operating table in a supine position. A 4 cm vertical incision was made in the midline of the lower abdomen. The cecum was exteriorized using atraumatic forceps, and a scalpel was used to scrape a 0.3 × 12 cm area of the ileal serosa about 15 cm from the ileocecal valve. Animals were randomized into a no treatment group (n = 40), a HA treatment group (n = 40), or a Zn^2+^-SCMC treatment group (n = 40). Rats in the untreated group received no further treatment, whereas rats in the HA and Zn^2+^-SCMC groups received injections of 3 ml of 3% HA or 3 ml of 3% Zn^2+^-SCMC onto the area of incision area. The molecular weight of CMC is 17000 and the concentrations of both HA and Zn^2+^-SCMC were optimized by our prelimitary experiments. The incisions were then closed in several layers. The rats were deprived of food for 10 h, housed separately and allowed to recover.

Evaluation of the intraperitoneal adhesions
-------------------------------------------

Intraabdominal adhesions were determined immediately after death or after sacrifice two weeks postoperatively using the Nair Score [@B20]: 0 indicated a complete absence of adhesions; 1 indicated a single band of adhesions, between viscera or from the viscera to the abdominal wall; 2 indicated two such bands of adhesions; 3 indicated more than two bands between the viscera, from the viscera to the abdominal wall or throughout the intestine, forming a mass that did not adhere to the abdominal walls; and 4 indicated viscera directly adhering to the abdominal wall, irrespective of the number and extent of adhesive bands. The percentage of rats in each group with adhesions (scores of 1-4) was calculated relative to the total number of rats in that group.

Histological examination
------------------------

Areas of adhesion were carefully removed, fixed in 4% paraformaldehyde (PFA), dehydrated with a graded ethanol series, cleared in dimethylbenzene and embedded in paraffin. Sections of thickness 5 μm were deparaffinized by immersing in dimethylbenzene and rehydrated. The sections were stained with hematoxylin and eosin (HE) using standard procedures and analyzed under a light microscope.

Statistical analysis
--------------------

Data were analyzed by SAS 9.0 software. The adhesion score was compared by rank-sum test among three groups. Fisher\'s exact test was used to compare the percentage of rats with adhesions among three groups. *P* \< 0.05 was recognized as statistical different.

Results
=======

Effects of Zn^2+^-SCMC and HA on animal survival
------------------------------------------------

Five animals in the untreated group died (mortality rate 12.5%), compared with only two rats in the HA (mortality rate, 5.0%) group and one in the Zn^2+^-SCMC (mortality rate, 2.5%) group. Autopsies showed that the animals in the untreated and HA groups died of tissue necrosis, induced by severe bowel adhesion and subsequent local strangulation. However, no obvious bowel adhesions in the abdominal cavity were observed in the Zn^2+^-SCMC treated rat that died. Rather, the cause of death was traumatic shock induced by the perforation of the stripped ileum. The remaining rats survived 14 days after surgery, and all showed complete wound healing.

Effects of Zn^2+^-SCMC and HA on intraperitoneal adhesions
----------------------------------------------------------

In the untreated group, eight animals developed degree 1 and degree 2 adhesions, and 12 developed degree 3 and degree 4 adhesions (Table [1](#T1){ref-type="table"}). Of the 40 rats in the HA group, nine showed no adhesions (degree 0), and eight, 15, six and two animals developed degree 1, 2, 3 and 4 adhesions, respectively. HA significantly reducing adhesions compared with the untreated group (*P*\< 0.001). The incidence of adhesions was further reduced in the Zn^2+^-SCMC group (*P*\< 0.001 compared with the untreated and HA groups). Of the 40 animals in this group, 20 did not develop adhesions (degree 0), 12 developed degree 1 adhesions and seven developed degree 2 adhesions.

Zn^2+^-SCMC or HA prevented intraperitoneal adhesion by promoting serosal repair
--------------------------------------------------------------------------------

To investigate the mechanisms by which Zn^2+^-SCMC and HA prevented intraperitoneal adhesions, we examined these tissues histologically using HE staining. Adherent bowel segments in the untreated group showed increased fibroblast proliferation and a compact arrangement of collagen fibrils, with no repair of the injured abdominal serosa (Fig. [1](#F1){ref-type="fig"}A). However, serosal repair was observed in rats treated with HA (Fig. [1](#F1){ref-type="fig"}B) and Zn^2+^-SCMC (Fig. [1](#F1){ref-type="fig"}C). In both groups, the collagen fibrils were loosely arranged, and the interstitial cells were distributed in series. Fewer fibroblasts were observed in the Zn^2+^-SCMC animals compared to HA treated rats. These results indicated that Zn^2+^-SCMC and HA prevented intraperitoneal adhesion by promoting the repair of the abdominal serosa.

Discussion
==========

The formation of postoperative peritoneal adhesions is an important obstacle in improving clinical outcomes following abdominal surgery [@B1]. At present, SCMC and HA are widely used to prevent postoperative intraperitoneal adhesion formation [@B8], [@B9], [@B16]-[@B17], and a bioreabsorbable physical barrier composed of HA/CMC (Seprafilm, Genzyme Biosurgery, Cambridge MA, USA) has been approved for clinical use [@B21], [@B22]. However, its relatively rapid resorption rate in the abdomen has hindered its ability to prevent intraperitoneal adhesions. We therefore investigated the ability of a cross-linked Zn^2+^-SCMC to prevent the formation of intraperitoneal adhesions. This novel barrier material retains most of the properties of SCMC, including its biodegradability, biocompatibility and high security. Moreover, this material is not cytotoxic, antigenic, or mutagenic and does not induce pyrogen reactions or obvious hemolysis. Due to its fluidity, this liquid gel can uniformly distribute within the peritoneal cavity. Our *in vivo* study showed that two days after surgery, 1.5-2.0 ml of the exudate was present in the abdominal cavity, whereas after an additional three days, the exudate was completely absorbed (data not shown). A thin film, 1.0 mm in thickness, was present between the injured parietal peritoneum and the injured intestine or between intestinal surfaces. This film remained visible seven days after surgery. Two weeks after the operation, some loose adhesive tissues were found between the injured parietal peritoneum and injured intestine, and the damaged serosa had recovered. These results suggest that Zn^2+^-SCMC was completely absorbed seven days after injury. As the half-life of HA is 3-5 days [@B19] and SCMC is absorbed within 5 days in rats (unpublished data), zinc crosslinking may prolong the absorption rate of SCMC, resulting in a suitable biodegradation rate*in vivo*.

We found that Zn^2+^-SCMC treatment significantly reduced intraperitoneal adhesions compared with HA treatment (48.71% *vs.*77.5%, *P* \< 0.001). Assessments of Nair scores showed that none of the rats administered Zn^2+^-SCMC had severe adhesions. On the other hand, untreated rats had adhesion scores of 3-4 and HA treated rats had scores of 2. These findings indicated that Zn^2+^-SCMC was more effective than HA in preventing intraperitoneal adhesions. In addition, all rats showed complete healing of incisions, suggesting that Zn^2+^-SCMC did not affect the wound closure process in these animals.

SCMC has been shown to suppress adhesion formation during the regeneration of epithelial tissues, to inhibit the migration of inflammatory cells during repair of damaged peritoneum, to decrease the viability of fibroblasts, and to reduce the accumulation of fibroblasts in injured peritoneum, thus limiting postoperative contact between tissues [@B23]-[@B25]. Histological examination of Zn^2+^-SCMC treated rats showed that collagen fibrils were loosely arranged and the interstitial cells distributed in series. Furthermore, the number of fibroblasts was much lower in Zn^2+^-SCMC- than in HA-treated rats, suggesting that Zn^2+^-SCMC prevented intraperitoneal adhesions by suppressing the accumulation of fibroblasts at injured surfaces.

In summary, our results indicated that Zn^2+^-modified SCMC was more effective than HA in preventing intraperitoneal adhesions in Wistar rats. Taken together, our results suggest that Zn^2+^-modified SCMC may be a suitable barrier for clinical use. Further studies, however, are needed to determine the safety and long-term effectiveness of this adhesion barrier in abdominal surgery. The effect of Zn^2+^-SCMC in preventing postoperative intraperitoneal adhesions under septic conditions also needs to be investigated in future study.

The authors thank Medjaden Bioscience Limited for assistance in the preparation of the manuscript.

![Photomicrographs of the adhesions. Representative sections of adhesion fibrous tissue were obtained from untreated (A), HA treated (B) and Zn^2+^-SCMC treated (C) rats and stained with HE. Collagen fibrils were indicated by arrows and fibroblasts were indicated by arrowheads. (A) Increased fibroblast proliferation and a compact arrangement of collagen fibrils appeared. No repair of the injured abdominal serosa was found. (B) The injured abdominal serosa was partially repaired. Interstitial cells were loosely arranged and the number of collagen fibrils and fibroblasts were relatively increased. (C) Collagen fibrils were loosely arranged, and the interstitial cells were distributed in series. Fewer fibroblasts were observed.](ijmsv09p0467g01){#F1}
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Formation of intraperitoneal adhesions in untreated, Zn^2+^-SCMC-treated and HA-treated rats.

  Group         N    Adhesion score   Percentage of rats with adhesions                  
  ------------- ---- ---------------- ----------------------------------- ---- ---- ---- -------
  Untreated     40   0                8                                   8    12   12   100
  HA            40   9                8                                   15   6    2    77.5
  Zn^2+^-SCMC   39   20               12                                  7    0    0    48.71

Adhesion score: HA *vs.*Untreated, *P*=0.0024; Zn^2+^-SCMC *vs.*Untreated, *P* \< 0.001; Zn^2+^-SCMC *vs.*HA, χ^2^=7.04, *P*=0.0080

H=46.84, *P* \< 0.001, HA *vs.*Untreated, Z=3.83, p=0.0001; Zn^2+^-SCMC *vs.*Untreated Z=6.50 *P* \< 0.001; Zn^2+^-SCMC *vs.*HA, Z=3.72, p=0.0002.
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